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ABSTRACT
We investigate hadronic and leptonic models for the GeV–TeV gamma-ray emission from jets of the
microquasar SS 433. The emission region of the TeV photons coincides with the X-ray knots, where
electrons are efficiently accelerated. On the other hand, the optical high-density filaments are also lo-
cated close to the X-ray knots, which may support a hadronic scenario. We calculate multi-wavelength
photon spectra of the extended jet region by solving the transport equations for the electrons and
protons. We find that both hadronic and leptonic models can account for the observational data,
including the latest Fermi LAT result. The hadronic scenario predicts higher-energy photons than
the leptonic models, and future observations such as the Cherenkov Telescope Array (CTA), the
Large High-Altitude Air Shower Observatory (LHAASO), and the Southern Wide-field Gamma-ray
Observatory (SWGO) may distinguish between these models and unravel the emission mechanism
of GeV–TeV gamma-rays. Based on our hadronic secenario, the analogy between microquasars and
radio galaxies implies that the X-ray knot region of the jets in radio galaxies may accelerate heavy
nuclei up to ultrahigh energies.
Keywords: Non-thermal radiation sources(1119), Jets(870), Gamma-ray astronomy(628), Cosmic ray
sources(328)
1. INTRODUCTION
SS 433 is a micro-quasar that powers bi-polar pre-
cessing jets from the central compact object (see
Fabrika 2004, for a review). The central object is ex-
pected to accrete the material at a super-Eddington
rate (van den Heuvel 1981). The jets are interact-
ing with interstellar matter at tens of parsecs, creat-
ing a bright radio nebula (Dubner et al. 1998) and ex-
tended X-ray lobes (Seward et al. 1980; Watson et al.
1983; Yamauchi et al. 1994). The X-ray lobes have
bright knots in both the eastern and western jets
(Safi-Harb & O¨gelman 1997; Safi-Harb & Petre 1999).
Recently, the High Altitude Water Cherenkov collabora-
tion (HAWC) reported 20 TeV gamma-rays associated
with the X-ray knots (Abeysekara et al. 2018), which
indicates the existence of particles of at least a few hun-
dreds of TeV.
Some groups have searched for the high-energy
gamma-rays from SS 433 using Fermi Large Area Tele-
scope (LAT), but the results differ from each other.
Bordas et al. (2015) discovered a gamma-ray source at
a position consistent with SS 433, but not aligned with
the extended jet. Xing et al. (2019) reported detec-
tion of GeV gamma-rays with a soft spectrum from
the western knot but non-detection from the eastern
knot. Rasul et al. (2019) discovered a periodic gamma-
ray emission from the SS 433 region, and argued that
the emission comes from the central object. By contrast,
Sun et al. (2019) found that the GeV gamma-ray emis-
sion region is larger than the TeV gamma-ray emission
region, arguing that the GeV source likely originates
from W50, a radio nebula surrounding SS 433, rather
than the SS 433 knots.
Recently, Fang et al. (2020) performed a joint anal-
ysis of LAT and HAWC data, and concluded that the
GeV gamma-ray data may be smoothly connected to
the TeV range with a photon index Γ ∼ 2.1. They
found that the previous LAT analyses were affected by
nearby sources, J1913.3+0515 in the LAT 8-year point
source catalog and J1907.9 + 0602 in the 4FGL catalog
(The Fermi-LAT collaboration 2019). Using the differ-
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ent point-source catalogs and response functions leads
to various conclusions.
The gamma-ray emission region coincides with the
X-ray knots (Safi-Harb & O¨gelman 1997). It is widely
believed that high-energy electrons accelerated at the
knots emit X-rays by the synchrotron mechanism.
Thus, most previous works focus on the leptonic sce-
nario for the TeV gamma-ray emission mechanism
(Abeysekara et al. 2018; Xing et al. 2019; Sudoh et al.
2020; Fang et al. 2020). However, hadronic emission
could provide a dominant contribution for the ob-
served gamma-rays (Reynoso & Carulli 2019). Opti-
cal filaments exist within the angular uncertainty of
the gamma-ray signals in the eastern lobe (Zealey et al.
1980; Konigl 1983; Boumis et al. 2007). The particle
number density in the filaments is much higher than in
the ambient medium, which motivates us to investigate
a hadronic scenario more carefully.
In this paper, we examine both scenarios using the
multi-wavelength data, including the latest GeV data
by Fermi LAT, and discuss the model feasibility and
tests by future observations. We focus on the eastern
lobe. In the western lobe, it is unclear whether dense
filaments exist close to the gamma-ray emission region or
not, and we avoid discussion of hadronic model there. In
Section 2, we construct a steady-state one-zone model,
and describe the model parameters obtained from multi-
wavelength observations. Our calculation results are
shown in Section 3, and the analogy to large scale jets
in radio galaxies is discussed in Section 4. We discuss
the implications in Section 5 and summarize our results
in Section 6. The notation of QX = Q/10
X in cgs unit
is used unless otherwise noted.
2. MODELS
2.1. Formulation
We assume that the jets of kinetic luminosity Lj dis-
sipate some of their energy at the X-ray knot, resulting
in acceleration of non-thermal particles (see Figure 1 for
schematic picture). To obtain the particle spectra at the
X-ray knot, we solve the steady state transport equation
for non-thermal particles of species i:
d
dEi
(
− Ei
ti,cool
NEi
)
= −NEi
tesc
+ N˙Ei , (1)
where Ei is the particle energy (i =e or p), NEi is the
total number spectrum, ti,cool is the cooling time, tesc
is the escape time, and N˙Ei is the injection term. This
equation has an analytic solution (see Appendix C in
Dermer & Menon 2009):
NEi =
ti,cool
Ei
∫ ∞
Ei
dE′iN˙E′i exp
(
−
∫ E′
i
Ei
ti,cool
tesc
dEi
)
.
(2)
Figure 1. Schematic picture of our models. The jets dis-
sipate their kinetic energy at a dissipation radius, Rdis,
which accelerates non-thermal particles. The non-thermal
protons interact with ambient matter including the dense
optical filaments, producing gamma-rays through pion de-
cay. The non-thermal electrons emit gamma-rays by up-
scattering the CMB photons. We write the size of the emis-
sion region as Rknot. We consider 4 models: combinations
of hadronic-dominated/leptonic-dominated and fast (dark-
grey)/slow (light-grey) advection velocity (see Table 1).
We numerically integrate this equation to obtain the
proton and electron spectra. We consider the diffusive
shock acceleration mechanism at the knot and set the in-
jection term to be a power-law form with an exponential
cutoff:
N˙Ei = N˙i,nor
(
Ei
Ei,cut
)−pinj
exp(− Ei
Ei,cut
), (3)
where N˙i,nor is the normalization factor, pinj is the
power-law index, and Ei,cut is the cutoff energy de-
termined by the balance between acceleration and loss
timescales, t−1loss = t
−1
cool+ t
−1
esc. We normalize the normal-
ization factor so that
∫
EiN˙EidEi = ǫiLj is satisfied,
where ǫi is the energy conversion factor.
We assume the same bulk velocity for the electrons
and protons. They should have the same acceleration
and diffusion timescales at a given energy. The diffusive
shock acceleration time is given by
tacc ≈ 20ηEi
3ceBβ2j
, (4)
where η is the acceleration efficiency, B is the magnetic
field strength, and βj is the jet velocity. As the escape
processes, we consider diffusion and advection, whose
timescales are estimated to be
tdiff ≈ 3eBR
2
knot
2cηEi
, (5)
tadv ≈ Rknot
Vadv
, (6)
where Rknot is the size of the knot and Vadv is the advec-
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tion velocity at the knot. Assuming a spherical geometry
of the emission region, the adiabatic cooling timescale is
expressed as
tadi ≈ Rdis
Vadv
, (7)
where Rdis is the distance of the dissipation region from
the central object. Note that if the jet geometry is cylin-
drical, one can ignore the adiabatic cooling (Sudoh et al.
2020).
For the electron radiation processes, we consider syn-
chrotron and inverse Compton scattering (IC). The syn-
chrotron timescale for the species i is represented as
ti,syn ≈ 6πm
2
ec
3
σTB2Ei
(
mi
me
)2
, (8)
where mi is the mass of the particle i and σT is the
Thomson cross section. We use a fitting formula (Equa-
tion [18]–[20]) in Finke et al. (2008) to calculate the syn-
chrotron spectrum. The IC cooling rate is estimated
using Equation (2.56) in Blumenthal & Gould (1970),
and the IC spectrum is calculated by Equation (2.48)
in Blumenthal & Gould (1970). We consider only the
cosmic-microwave background (CMB) as the target pho-
tons, since IC emission using other photon fields is sub-
dominant (Sudoh et al. 2020; Fang et al. 2020).
For the hadronic radiation processes, we consider
only the pp inelastic collisions, because other processes
are negligibly efficient (Reynoso & Carulli 2019). We
should note that for neff ∼< 0.01, external photon fields
by the central star or by the beamed emission from the
inner jets may be important. The pp cooling rate is
estimated to be
t−1pp = neffσppκppc, (9)
where neff is the effective number density (defined in
the following subsection), σpp is the pp inelastic collision
cross section given in Kafexhiu et al. (2014), and κpp ≈
0.17 is the inelasticity for pp interaction (Kelner et al.
2006). We use the method of Kelner et al. (2006) to
calculate the gamma-ray spectrum by pp inelastic colli-
sions.
2.2. Model parameters
Multi-wavelength observations of SS 433 provide use-
ful information to model the high-energy emission from
the extended jets. The jet velocity is measured to
be βj ≃ 0.26 at the jet base using both optical
(Abell & Margon 1979; Eikenberry et al. 2001) and X-
ray data (Marshall et al. 2002). The mass loss rate of
the jet is estimated to be M˙j ≃ 5 × 10−7 M⊙ yr−1
(Konigl 1983), which leads to a kinetic energy of the
jet of Lj ≈ M˙β2j c2/2 ≃ 2 × 1039 erg s−1. The
size and the distance from the central object for the
Table 1. Model parameters in our lepto-hadronic scenarios;
models A and B are hadronic-dominated, while C and D are
leptonic-dominated.
Fixed parameters
βj Lj Rknot Rdis ǫp η dL
[erg s−1] [pc] [pc] [kpc]
0.26 2× 1039 8.1 56 0.1 2 5.5
Model parameters.
Model Vadv B pinj ǫe neff
[cm s−1] [µG] [cm−3]
A 1.9× 109 32 2.0 1.0× 10−3 10
B 1.0× 107 36 1.6 1.5× 10−4 0.2
C 1.9× 109 13 2.1 5.0× 10−3 0.01
D 1.0× 107 18 1.6 2.0× 10−4 0.01
brightest X-ray knot (e2) are 5’ and 35’, respec-
tively (Safi-Harb & O¨gelman 1997), which correspond
to Rdis ≃ 56 pc and Rknot ≃ 8.1 pc, with the distance
of dL = 5.5 kpc.
Optical observations discovered filamentary structures
located close to the X-ray knots (Zealey et al. 1980),
where the number density can be as high as n ∼
102 cm−3 (Konigl 1983) and the velocity is estimated
to be Vadv ∼ 107 cm s−1 (Boumis et al. 2007). On the
other hand, Panferov (2017) estimate the mean number
density in W50 to be n ∼ 0.1 cm−3, and argue that the
jet is not significantly decelerated at the X-ray knot. In
this case, the bulk velocity of the emission region is likely
to be Vadv ≈ βjc/4, where the factor 4 indicates energy
dissipation by a strong shock. Since the advection veloc-
ity and the target gas density in the X-ray knot are still
largely uncertain, we examine two values of the advec-
tion velocity: Vadv = βjc/4 ≃ 1.9× 109 cm s−1 (models
A & C) or Vadv = 10
7 cm s−1 (models B & D). Even
for the low advection velocity cases, we assume a shock
velocity of βj , because the accelerated electrons cannot
emit the observed X-rays with a lower value of the shock
velocity (see Section 3). Regarding the number density,
we define the effective number density as neff = ffilnfil,
where nfil ∼ 100 cm−3 and ffil ∼ 10−4 − 1 are the num-
ber density and the volume filling factor of the optical
filaments, respectively.
3. RESULTS
We calculate the photon spectra for various values
of pinj, ǫe, B, and neff to seek the parameter set that
matches the data. Since the radio map of W50 does
not indicate any clear knot-like structure (Dubner et al.
1998), we should regard the radio data as an upper limit.
Figure 2 shows both the leptonic and hadronic contribu-
tions to the photon spectra for our models whose param-
eter sets are tabulated in Table 1. For all the models,
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Figure 2. Photon spectra from the extended jets of SS 433 for model A (top-left), B (top-right), C (bottom-left), and D
(bottom-right). The red-thick-solid, green-thin-long-dashed, and blue-thin-short-dashed lines are total, hadronic, and leptonic
components, respectively. The observational data are taken from Geldzahler et al. (1980) (circle), Brinkmann et al. (2007)
(triangles), Safi-Harb & O¨gelman (1997) (squares), MAGIC Collaboration et al. (2018) (crosses) and Fang et al. (2020) (pluses).
The thin-solid, thin-dashed, and thin-dotted lines are sensitivity curves for e-ASTROGAM (1 yr; De Angelis et al. 2017), CTA
(50 h; Cherenkov Telescope Array Consortium et al. 2019), and LHAASO (1 yr; Bai et al. 2019).
the electron synchrotron emission is responsible for the
X-ray data. The Lorentz factor of electrons emitting the
hard X-rays is estimated to be
γe,X ≈
√
4πmecEγ
hpeB
≃ 4.1× 108B−1/2
−4.5
(
Eγ
30 keV
)1/2
,
(10)
where hp is the Planck constant. The synchrotron cool-
ing is the dominant loss process in this energy range for
all the models. Equating the synchrotron and accelera-
tion timescales, we obtain the maximum Lorentz factor
of the electrons:
γe,cut ≈
√
9πeβ2j
10σTBη
≃ 2.1× 109B−1/2
−4.5 η
−1/2
0 . (11)
From the condition γe,X < γe,cut, we obtain an upper
limit for η:
η ≈ 9
40
hpe
2β2j
σTmecEγ
≃ 27
(
Eγ
30 keV
)−1
. (12)
Thus, the particle acceleration should be very ef-
ficient. The synchrotron cutoff feature should
be detected by the proposed MeV satellites, such
as e-ASTROGAM (De Angelis et al. 2017), All-sky
Medium Energy Gamma-ray Observatory (AMEGO;
Moiseev & Amego Team 2017), or Gamma-Ray and An-
tiMatter Survey (GRAMS; Aramaki et al. 2020), which
will provide a better constraint on the value of η.
The synchrotron-cooling break energies for photons
and electrons are respectively estimated to be
Eγ,br ≈
hpeBγ
2
e,br
4πmec
≃ 0.70B−3
−4.5V
2
adv,9.3 keV, (13)
γe,br ≈ 6πmecVadv
σTB2Rknot
≃ 6.2× 107B−2
−4.5Vadv,9.3. (14)
The break energy lies between the radio and X-ray data
points, and Eγ,br is lower for a lower value of Vadv
and a higher value of B. A lower value of Eγ,br in-
creases the radio flux if we fix pinj and X-ray luminos-
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ity. To avoid overshooting the radio data, a hard spec-
tral index is required for a lower value of Vadv. For
models A and C, pinj is consistent with the prediction
by the diffusive shock acceleration theory (Bell 1978;
Blandford & Ostriker 1978), whereas models B and D
demand a harder spectrum that can be realized by
the stochastic acceleration mechanism (e.g. Becker et al.
2006; Stawarz & Petrosian 2008; Kimura et al. 2015;
Murase et al. 2020).
As far as the hadronic components, the hadronic
gamma-ray spectra roughly follow the parent proton
spectra, which have a break due to the diffusive escape.
Setting tdiff = tadv, the proton break energy is estimated
to be:
Ep,br ≈ 3eBRknotVadv
2cη
≃ 23B−4.5Vadv,9.3η−10 PeV
(15)
For model A, the proton spectrum is a single power-law
for Ep ∼< 0.1 PeV owing to a higher break energy.
This naturally makes a power-law gamma-ray spectrum
consistent with the observed data. This feature should
be detected by the Cherenkov Telescope Array (CTA;
Cherenkov Telescope Array Consortium et al. 2019),
the Large High-Altitude Air Shower Observatory
(LHAASO; Bai et al. 2019), and Southern Wide-field
Gamma-ray Observatory (SWGO; Albert et al. 2019).
The detection of a relatively hard sub-PeV gamma-ray
spectrum is a smoking-gun to distinguish the emission
mechanism, because the IC up-scattering of CMB
photons cannot produce such a feature due to the
Klein-Nishina suppression, as shown in the bottom
panels of Figure 2. For model B, the diffusive break
energy is Ep,br ≃ 60 TeV. This produces a peak at
Eγ ∼ 6 TeV, and the gamma-ray spectrum is softer
above that energy. In this case, we cannot discriminate
the emission mechanism using the gamma-ray spec-
trum. The proton maximum energy is determined by
the diffusive escape in all the models:
Ep,diff ≈ 3eBβjRknot√
40η
≃ 29B−4.5η−10 PeV. (16)
This energy is so high that SS 433 can accelerate protons
above PeV energies (see Section 5 for the possible effects
of PeV protons).
For leptonic models, the GeV-TeV gamma-rays are
attributed to IC up-scattering. In model C, the high
advection velocity makes the break energy too high to
match the observation. This cannot make a flat spec-
trum in the GeV-TeV range, thus failing to explain the
Fermi data, as in Sudoh et al. (2020). On the other
hand, in model D, the advection time is comparable to
the estimated age of the system (30-100 kyr). This en-
ables us to reproduce the broadband spectrum owing to
a lower cooling break energy. The resulting spectrum is
similar to that by Fang et al. (2020).
In our model, the magnetic field is unlikely to be gen-
erated by some plasma instabilities. The magnetic field
in the downstream is often estimated using the ǫB pa-
rameter to be
B =
√
8ǫBLj
R2knotβjc
. (17)
With our choice of B, ǫB is estimated to be 0.3,
0.4, 0.05, and 0.1 for models A, B, C, and D, re-
spectively. These values are much higher than the
values obtained by PIC simulations of non-relativistic
shocks (Caprioli & Spitkovsky 2014; Park et al. 2015)
and afterglow lightcurve fittings of gamma-ray bursts
(Santana et al. 2014). In the leptonic model, the ob-
served flux ratio of X-rays to TeV gamma-rays requires
the magnetic field strength of B ∼ 15 µG, i.e., ǫB ∼ 0.1
(Xing et al. 2019; Sudoh et al. 2020; Reynoso & Carulli
2019; Fang et al. 2020). In order for hadronic models
to work, a higher magnetic field strength is necessary,
and hence, ǫB ∼> 0.2 is required. Note that magnetic
fields in our models are not strong compared to that in
the interstellar medium (ISM; B ∼ 1 − 10 µG). Shock
compression of the ISM field suffices to achieve the val-
ues, although it cannot generate the magnetic field of
B > 40 µG for a typical ISM value, BISM ∼ 10 µG.
Hence, the magnetic field should be in the range of
10− 40 µG regardless of the emission mechanism.
4. COMPARISON TO JETS IN RADIO GALAXIES
In our models, the synchrotron cooling timescales for
X-ray emitting electrons are estimated to be tsyn ≃
78B−4.5γe,8.5 yr. This is shorter than the advection
timescale for all the models, tadv ≃ 4.0 × 102Vadv,9.3
yr. This demands in-situ particle acceleration in the ex-
tended jet with a low η. This situation may be similar
to some of the extended jets in radio galaxies, where
the in-situ electron acceleration is required. In our as-
sumption for the advection velocity, models A and C
corresponds to the X-ray knot in radio galaxies because
the jets are unlikely to be appreciably decelerated at the
knots. On the other hand, models B and D are similar to
hotspots in radio galaxies, since the termination shock
significantly decelerates the plasma flow and forms the
cocoon surrounding the jets.
M87 and 3C 273 are very bright radio galaxies, and
the broadband spectra and velocities of their knots
are observed. For M87, the knots in the 10–100 pc
scale have soft X-ray spectra without a cutoff feature
(Zhang et al. 2018). Their intrinsic velocity is estimated
to be Γβ ∼ 0.3−10 with a possible velocity stratification
(Park et al. 2019). On the other hand, for 3C 273, the
X-ray spectra for the knots in the kpc-scale is hard, and
non-detection by Fermi suggests a second electron pop-
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ulation (Meyer & Georganopoulos 2014). Their appar-
ent velocities are consistent with βapp ∼ 0 (Meyer et al.
2017). For both objects, X-rays are attributed to the
in-situ accelerated electrons, which suggests a low value
of η ∼< 300 based on Equation (12) with βj ∼ 0.3. On
the other hand, the jet velocity may be very different
in these objects, and hence, the value of η should be
independent of the jet velocity.
According to Zhang et al. (2018), the peak frequency
of the synchrotron spectrum and the magnetic field
strength in X-ray knots and hotspots in radio galax-
ies are estimated to be νpk ∼ 109 − 1017 Hz and
B ∼ 10 − 300 µG, respectively. The radio, optical, and
X-ray spectra for some knots are inconsistent with a
single component synchrotron emission. A popular in-
terpretation of the emission mechanism for the X-ray
emission from the knots is inverse Compton scatter-
ing of CMB photons (IC/CMB model; Tavecchio et al.
2000; Sambruna et al. 2004; Werner et al. 2012). How-
ever, non detection of GeV gamma-rays by Fermi LAT
ruled out an IC/CMB model for several sources (e.g.,
Breiding et al. 2017). The two-component synchrotron
model is favored as an alternative scenario for those
sources (Atoyan & Dermer 2004), which indicates a low
value of η as in M87 and 3C 273. The shock veloci-
ties at the hot spots or X-ray knots are often assumed
to be 0.2c − 0.5c (Casse & Marcowith 2005), which is
also supported by the radio observations of kpc-scale
jets (Wardle & Aaron 1997; Arshakian & Longair 2004;
Mullin & Hardcastle 2009). Hence, some X-ray knots in
radio galaxies should have a very low η, which is consis-
tent with our SS 433 models.
If protons are accelerated at the X-ray knots simul-
taneously, the maximum energy of the protons are es-
timated to be Ep,diff ∼ 45B−4.5η−10 βj,−0.5Rj,22.5 EeV.
The iron nuclei can be accelerated up to 26 times higher
energies than protons, and hence, the kpc-scale jets in
radio galaxies can accelerate heavy nuclei to ultrahigh-
energies (see also Takahara 1990). However, reproduc-
ing the heavy composition obtained by the Pierre Auger
Observatory (Aab et al. 2014) is challenging by the stan-
dard shock acceleration, and re-acceleration of galactic
cosmic rays by jets may be important (Caprioli 2015;
Kimura et al. 2018).
We should note that the value of η should be much
higher at hotspots in radio galaxies and blazar zones.
The cutoff frequency in the hotspots are estimated
to be below the UV range, νcut ∼< 1015 Hz, leading
to η ∼> 104 (Araudo et al. 2016; Zhang et al. 2018).
Also, the IC/CMB model is still favored for some X-
ray knots (Zhang et al. 2018), resulting in η similar to
those in the hotspots. Fittings of the broadband spec-
tra for blazars require η ∼> 104 (Inoue & Takahara 1996;
Inoue & Tanaka 2016; Baring et al. 2017). These may
indicate that different particle acceleration mechanisms
take place at the various places in the astrophysical jets.
5. DISCUSSION
5.1. Neutrino detectability
The hadronic TeV gamma-rays are always accompa-
nied by neutrinos of similar energies and fluxes. In
model A, the neutrino flux is 3 × 10−11 GeV cm−2 s−1
at 10-100 TeV, which is much lower than the
IceCube sensitivity of 3 × 10−10 GeV cm−2 s−1
(IceCube Collaboration et al. 2019). The planned ex-
periment IceCube-Gen2 will have five times better sen-
sitivity than IceCube (Aartsen et al. 2014), but detec-
tion will be challenging even with it. If we assume a
harder spectrum, the neutrino detection might be possi-
ble. However, in such case, the gamma-ray model curve
is inconsistent with the data point by LAT and the up-
per limits by HESS/MAGIC. Using the HAWC data
and the HESS/MAGIC upper limit, Reynoso & Carulli
(2019) reached the same conclusion, and they argue that
the neutrinos should be emitted from the inner region if
neutrinos are detected from SS 433.
5.2. Particle acceleration efficiency in other objects
The SS 433 jets have a low η, while jets in radio
galaxies may have various values of η. Other cosmic-
ray accelerators generally have low values of η. Sharp
X-ray images are observed from the forward shocks in
supernova remnants (SNRs; Bamba et al. 2005). The
cutoff frequency in SNRs are 1017 Hz −1018 Hz, and
shock velocities are ∼ 2000 − 104 km s−1 (Reynolds
2008). These values require η ∼ 1, according to Equa-
tion (12). Also, fittings of pulsar wind nebulae (PWNe)
demand a very efficient particle acceleration of η ∼ 1
(Tanaka & Takahara 2011, 2013).
There are a few possible reasons for such distinct
values of η. To achieve a high value of η, strong
turbulence should exist. A possible mechanism gen-
erating turbulence is density perturbations in the up-
stream of the shocks. ISM in our Galaxy has strong
density perturbations, which can drive strong turbu-
lence when shocks sweep up the ISM (Inoue et al. 2012;
Tomita et al. 2019). The hotspots and the blazar emis-
sion regions can arise at the reverse shocks in expanding
jets, which likely have weaker density perturbations due
to adiabatic expansion. Another possibility is related to
the plasma composition. Magnetized ion-electron plas-
mas result in strong turbulence owing to the streaming
instability (Skilling 1975; Bell 2004), whereas electron-
positron pair plasmas may not trigger it. However,
PWNe likely accelerate particles at reverse shocks and
consist of pair plasmas, and neither of the interpreta-
tions are applicable. Further studies are necessary on
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Table 2. Consistency check for our models. Here “AGN
analog” indicates whether the value of η in our model is
consistent with those obtained from the radio galaxies’ X-
ray knots. ©, △, and × indicate consistent, marginal, and
inconsistent, respectively.
Hadronic Leptonic
Model A B C D
Knot Hotspot Knot Hotspot
HAWC data © © © ©
Fermi data © © × ©
Ambient density △ © © ©
AGN analog © × © ×
both the theoretical and observational sides to under-
stand the dichotomy of the acceleration efficiency.
5.3. Effects of escaping CRs
In our hadronic models, the protons of PeV ener-
gies escape from the system and are injected into the
ISM. The diffusion coefficient in the ISM is often esti-
mated by the Boron-to-Carbon ratio to be DISM ≈ 3 ×
1030E
1/3
p, PeV cm
2 s−1, where Ep,PeV = Ep/(1 PeV) and
we consider the Kolmogorov turbulence (Strong et al.
2007). Then, the diffusion length during the lifetime of
SS 433, tage, is estimated to be
Rdiff ≈
√
6DISMtage ≃ 1.4E1/6p,PeVt1/2age,12 kpc. (18)
Since Rdiff is shorter than the distance to the Earth,
the CRs escaping from SS 433 have not arrived at Earth
yet. The energy density of the escaping CRs at the PeV
energy is estimated to be
UCR,PeV ≈ 3ǫpLjtagefbol
4πR3diff
∼ 3× 10−5ǫp,−1Lj,39.3t−1/2age,12E−1p,PeV eV cm−3, (19)
where the factor fbol ≈ 1/ ln(Ep,max/GeV) ∼ 1/15 is
the bolometric correction factor. The recent observa-
tions by Telescope Array Low-energy Extension (TALE)
and IceTop reported that the CR energy density at the
PeV energy is ∼ 1× 10−4 eV cm−3 (Abbasi et al. 2018;
Aartsen et al. 2019), which matches the estimate above
within an order of magnitude. Hence, Galactic X-ray
binaries may provide some contribution to the PeV CRs
(cf., Cooper et al. 2020). The lifetime of SS 433 may
be longer, tage ∼ 105 − 106 yr (Yamamoto et al. 2008;
Su et al. 2018), and the escaping CRs can arrive at
Earth if we use tage = 10
6 yr. In this case, SS 433
can contribute to the observed PeV CRs up to 6 %.
6. SUMMARY
We examined both leptonic and hadronic models for
GeV-TeV gamma-ray emission from the SS 433 jets in
light of the recent detections by Fermi and HAWC. The
gamma-ray emission region coincides with the X-ray
knots and the optical filaments, where particle accelera-
tion should be efficient and the target density should
be high, respectively. To obtain broadband photon
spectra, we solved the transport equations for electrons
and protons taking into account acceleration, radiative
and adiabatic cooling, and diffusive and advective es-
cape. Fixing several parameters based on the multi-
wavelength observations of the SS 433/W50 system, we
searched parameter sets with which the resulting pho-
ton spectra match the observed data. We found that
both hadronic and leptonic models can reproduce the
observed data without violating current observational
constraints. The radio to X-ray data are emitted by elec-
tron synchrotron radiation and the GeV–TeV gamma-
rays are produced by either the pion decay process or IC
emission. The spectral shapes strongly depend on the
advection timescale, and future observations by CTA,
LHAASO and SWGO will provide more clues to distin-
guish between the models.
Finally, we summarize the feasibility of our models in
terms of the gamma-ray spectrum, the ambient num-
ber density, and analogy to large-scale AGN jets (see
Table 2). Models A, B, and D can reproduce the GeV-
TeV gamma-ray data, while the model C cannot repro-
duce the Fermi data. The estimates of the ambient den-
sity in the W50 region prefer neff ∼ 0.01 − 0.1 cm−3
(Safi-Harb & Petre 1999; Panferov 2017), which is con-
sistent with models B, C, and D. However, the density
in the optical filaments is higher and a value for model
A, neff ∼ 10, is also acceptable there. In the large-
scale jets of radio galaxies, the knots and hotspots have
low and high values of η, respectively. Our models as-
sume a low value of η, which corresponds to the values
in knots where the advection velocity is high, making
models A and C suitable. Therefore, in this regard, our
hadronic model A would be the most plausible scenario
for the high-energy gamma-ray emission mechanism of
SS433. If the same mechanism operates in radio galax-
ies this implies that the X-ray knot region of the jets in
radio galaxies may accelerate heavy nuclei up to ultra-
high energies. To more solidly understand the emission
mechanisms in these objects, further investigations from
both the observational and theoretical sides are neces-
sary. In particular, future MeV gamma-ray observations
will clarify the value of η and observations of > 100 TeV
photons by LHAASSO, SWGO or CTA may be able to
discriminate between the models.
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